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Conjugated polymer systems, including homopolymers,1
alternating/random copolymers,2 blends,3 and block copoly-
mers,4,5 as semiconductors for electronic and optoelectronic
applications are of continuing great interest.6,7 In general,
multicomponent conjugated polymer systems such as blends and
block copolymers offer the opportunity to optimize and tailor
electronic and optical properties while also having the potential
to observe novel phenomena (e.g., energy transfer, charge
transfer) not feasible in homopolymers and random/alternating
copolymers.5 Compared to blends,3 block copolymers are of
special interest because of their superior self-assembly features
and the improved control of the nanoscale domain sizes of their
assembled structures. Indeed, the synthesis, self-assembly, and
properties of rod-coil block copolymers, having a π-conjugated
(rodlike) block and a coillike nonconjugated block, have been
extensively studied.4 Although experimental examples of all-
conjugated block copolymers have been known since 1996,5a
their synthesis, solution-phase self-assembly, melt-phase self-
assembly, and properties remain to be fully investigated.5,8
Recently, block copolythiophenes with crystalline-amorphous
diblock architecture incorporating a crystalline poly(3-hexylth-
iophene) (P3HT) block were successfully synthesized by quasi-
living chain growth polymerization, including poly{3-[2-(2-
methoxyethoxy)ethoxy]methylthiophene},8b poly[3-(2-
ethylhexylthiophene)],8c or poly(3-phenoxymethylthiophene)8d as
the amorphous segment. The thin-ﬁlm morphology of these
crystalline-amorphous diblock copolythiophenes was shown by
atomic force microscopy (AFM) to be microphase-separated into
crystalline and amorphous domains. For many electronic and
optoelectronic applications such as ﬁeld-effect transistors and
photovoltaic devices, where high carrier mobilities and high
absorption coefﬁcients are important,6,7 amorphous domains are
undesirable. We report herein the synthesis and self-assembly
of crystalline-crystalline diblock copoly(3-alkylthiophene)s.
Two compositions of the new regioregular poly(3-butylth-
iophene)-b-poly(3-octylthiophene) (P3BT-b-P3OT) were found
to self-assemble into crystalline nanowires in solution and shown
by wide-angle X-ray scattering (WAXS) and small-angle X-ray
scattering (SAXS) to be microphase-separated from the melt
phase into two distinct crystalline domains with a lamellar
structure.
The synthesis of the diblock copoly(3-alkylthiophene)s was
carried out by a modiﬁed Grignard metathesis method
(GRIM),1b,8 as illustrated in Scheme 1. The P3OT block was
ﬁrst synthesized by polymerization of 2,5-dibromo-3-octylth-
iophene, followed by the addition of activated 2,5-dibromo-3-
butylthiophene monomer solution, giving the diblock copolymer
system, poly(3-butylthiophene)-b-poly(3-octylthiophene). Two
compositions, denoted BO50 and BO76, were synthesized by
using the feed ratios of 2,5-dibromo-3-octylthiophene to 2,5-
dibromo-3-butylthiophene of 1:1 and 1:2, respectively. The
actual compositions of BO50 and BO76 were determined from
the 1H NMR spectra (Figure S1), based on the terminal methyl
groups of the butyl and octyl side chains which showed
resonances at 1.0 and 0.9 ppm, respectively. The regioregularity
of both BO samples was determined to be 94% by using the
resonance of the R-methylene protons.1a,b The number-average
molecular weights (Mn) of BO50 and BO76 were 17 300 and
11 400 g/mol, with a polydispersity index of 1.69 and 1.60,
respectively, by gel permeation chromatography (GPC) analysis.
The large polydispersity indices are a result of the poor
selectivity of activation by isopropylmagnesium chloride of 2,5-
dibromo-3-octylthiophene and 2,5-dibromo-3-butylthiophene.
The polydispersity index could be potentially reduced by using
the asymmetric 2-bromo-5-iodo-3-alkylthiophene as the starting
monomer.8
Figure 1a shows the differential scanning calorimetry (DSC)
scans of BO50 and BO76. Two melting transitions with
endothermic peaks at 246 and 190 °C and two corresponding
exothermic recrystallization peaks at 204 and 148 °C were
observed in the DSC scan of BO50. The observed two melting
transitions in BO50 are characteristic of its diblock architecture
composed of P3BT and P3OT blocks, which have melting
transitions at 243 and 190 °C, respectively, as homopolymers.9
The slight variation in the melting transition values of BO50
(246 and 190 °C) compared to the homopolymers of P3BT and
P3OT is likely due to the different molecular weights of the
homopolymers.9 In the case of BO76, only one distinct melting
transition peak (263 °C) with a recrystallization peak at 223 °C
was observed and is clearly due to the P3BT block. The absence
of the melting transition of the P3OT block in BO76 may be
duetoitslowdegreeofpolymerizationwithinthecrystalline-crystalline
diblock copolymer.
The photophysical properties of the regioregular diblock
copoly(3-alkylthiophene)s were investigated by optical absorp-
tion and photoluminescence (PL) spectroscopies. In chloroform
solution, both BO50 and BO76 had identical absorption maxima
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Scheme 1. Synthesis of
Poly(3-butylthiophene)-b-poly(3-octylthiophene)
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at 453 nm and identical PL emission maxima at 576 nm (Figure
S2), as expected since they share the same polythiophene main
chain.1a The optical absorption spectra of thin ﬁlms of BO50
and BO76 (Figure 1b) with absorption maxima of 520-525
nm and shoulder peaks at 550-600 nm are very similar to the
related P3BT and P3OT homopolymers. BO50 and BO76 have
PL emission maxima at 651-653 nm with the same shoulder
peak at 710 nm (Figure 1b). We note that the long-wavelength
shoulder peak in the absorption spectra of BO50 and BO76 ﬁlms
is associated with crystallinity, resulting from strong intermo-
lecular interactions among regioregular poly(3-alkylthiophene)
chains.1
We investigated the self-assembly of the diblock copoly(3-
alkylthiophene)s in solution, focusing on the nature of aggregates
formed in solution by spontaneous self-assembly. A bulk
solution of BO50 in 1,2-dichlorobenzene (ODCB) (10 mg/mL)
was prepared at room temperature, ﬁltered (through a 0.45 μm
ﬁlter), and stored for 24 h. The resulting dispersion was spin-
coated onto a silicon wafer for AFM imaging or was diluted
10 times with ODCB and drop-casted onto a TEM grid for TEM
imaging. Figure 2a shows the AFM height image of the BO50
thin ﬁlm obtained from the dispersion, revealing nanowires
(NWs) throughout the surface. TEM images of the BO50
dispersion similarly revealed NWs with a relatively narrow
width (13.5 nm) and broad length distribution (250-1000 nm),
as exempliﬁed in Figure 2b. BO76 solutions in ODCB were
observed to similarly form BO76 NWs with an average width
of 13.6 nm and aspect ratios of 15 to 51 (Figures S3 and S4).
It is interesting to contrast the assembly of NWs with micelles,
vesicles, and similar aggregates typically formed by conventional
block copolymers, including those containing conjugated
polymers.4a The observed solution phase self-assembly of P3BT-
b-P3OT into nanowires has important implications for under-
standing the assembly of block copolythiophenes and for
optoelectronic applications. Although the detailed molecular
packing within the diblock copolymer NWs remains to be
investigated, the fact that the assembly of P3BT-b-P3OT NWs
occurs in solution very similar to the assembly of NWs from
P3BT7 and P3OT10 homopolymers means that π-stacking
interactions are dominant relative to interactions of the side
chains. Similar to the poly(3-alkylthiophene) homopolymer
NWs, we expect the block copolythiophene NWs to be useful
in bulk heterojunction type photovoltaic devices by virtue of
their high-mobility transport of holes among the network of
crystalline NWs and advantageous nanoscale morphology in
blends with fullerenes.7
Figure 2c shows wide-angle X-ray diffraction (WAXD) scans
on the drop-cast ﬁlms from dispersions of BO50 and BO76 NWs
in 1,2-dichlorobenzene. BO50 NWs are clearly crystalline,
showing two strong diffraction peaks at 2θ angles of 4.51° and
6.34°, corresponding to two d100 values of 19.6 and 13.9 Å,
respectively. The 19.6 Å spacing is due to the interlayer stacking
distance between P3OT blocks in a layered packing structure
(dP3OT), whereas the 13.9 Å spacing comes from the interlayer
stacking distance between P3BT blocks, dP3BT. The peaks at
8.71° and 12.86° with lower intensities are associated with the
(200) diffraction from P3OT and P3BT blocks in BO50,
respectively. The (100)P3BT and (100)P3OT diffraction showed
comparable intensity due to the 50:50 composition of P3BT
and P3OT blocks in BO50. In the case of BO76 NWs, the peak
maximum at 6.91° and a less intense peak at 5.00° are due to
two d100 values of 12.8 (dP3BT) and 17.7 Å (dP3OT), respectively.
We note that the observed dP3OT values (17.7-19.6 Å) seen in
the BO50 and BO76 NWs are smaller than the reported d100
value (20.1 Å) for the P3OT homopolymer,1a suggesting partial
interdigitation between the side chains and/or the occurrence
of tilting of the octyl chains in P3BT-b-P3OT. On the other
hand, BO50 and BO76 have a dP3BT in the range of 12.8-13.9
Å, which is very close to the d100 of 12.63 Å reported for the
P3BT homopolymer.1a The P3BT-b-P3OT copolymers clearly
showed two distinct crystalline domains with relative intensities
of WAXD reﬂection peaks from the P3BT- and P3OT-rich
domains approximately scaling with the composition ratio (n:
m); BO50 had two comparable reﬂection peaks, whereas BO76
exhibits a major reﬂection peak due to the dominant P3BT phase
with a smaller peak due to P3OT (Figure 2c). These WAXD
results show that BO50 and BO76 NWs are crystalline with
two distinct d100 values, dP3BT and dP3OT, and suggest microphase
separation among P3BT- and P3OT-rich domains.
To investigate the melt-phase behavior and solid-state mor-
phology of BO50 and BO76, ﬁlms spin-casted from chloroform
solutions and annealed at 280 °C under high vacuum (10-7
mbar) for 12 h were characterized by wide-angle X-ray
scattering (WAXS) and small-angle X-ray scattering (SAXS).
Figure 3a shows the WAXS spectra of the two diblock
copolymers. In BO50, two scattering vectors in the low-q region
(q ) 3.18 and 4.76 nm-1) are seen and can be identiﬁed as
corresponding to real-space d values of 19.7 and 13.2 Å,
respectively. The smaller d value (13.2 Å) in BO50 is clearly
due to the (100) reﬂection associated with the interlayer spacing
of the P3BT segments, whereas the larger d value (19.7 Å)
originates from the (100) reﬂection from the interlayer spacing
of the P3OT segments. These results mean that two crystalline
domains are formed by the regioregular P3BT and P3OT blocks
in the diblock copolymers. In the high-q region, together with
a broad halo resulting from the amorphous side chains, the peak
at 16.5 nm-1 is associated with the (020) reﬂection, which
corresponds to a π-π stacking distance of 3.8 Å and is the
Figure 1. (a) DSC scans of poly(3-butylthiophene)-b-poly(3-octylth-
iophene), BO50 and BO76. (b) Absorption and photoluminescence











same as the reported π-π stacking distance in P3BT and
P3OT.9a Similarly, two scattering vectors (q) at 3.37 and 4.77
nm-1, corresponding to two d spacings of 18.6 and 13.2 Å,
respectively, were observed in the case of BO76. These results
conﬁrmed the existence of two different crystalline domains
formed by segregated P3BT and P3OT blocks in both BO50
and BO76. Whereas the DSC scan of BO76 could not resolve
the two melting transitions due to P3BT and P3OT blocks, the
WAXS spectrum of BO76 shows a strong (100)P3BT peak along
with a shoulder (100)P3OT peak, clearly resolving the two
crystalline domains. In the case of BO50, the crystalline nature
of two separated P3BT and P3OT domains can be identiﬁed
from both DSC and WAXS scans.
The SAXS spectra of BO50 and BO76 ﬁlms, annealed at
280 °C as with the WAXS samples in Figure 3a, are shown in
Figure 3b. A distinct reﬂection peak at a scattering vector of
0.25 nm-1 is observed in the BO50 diblock copolymer, showing
that there is microphase separation with a domain spacing of
25.7 nm. Similarly, the low-q reﬂection peak (q ) 0.29 nm-1)
observed in the BO76 sample means that there is microphase
separation with a domain spacing of 21.8 nm. Taken together
with the previously discussed WAXS results, and considering
the highly rigid-rod-like nature of the block copolymer consid-
ered, these SAXS results suggest a melt-phase assembly of the
diblock copoly(3-alkylthiophene)s into a microphase-separated
lamellar structure with two crystalline domains characteristic
of the two different side chains (Figure 3c). Because the lamellar
period measured by SAXS is consistently smaller than the
corresponding contour lengths of the block copolymers estimated
from their molecular weights (25.7 nm vs 40 nm and 21.8 nm
vs 28.7 nm for BO50 and BO76, respectively), a lamellar
structure of smectic C nature, with tilt angles of rods with respect
to the lamellar interface is to be expected, although the large
polydispersity of the present systems does not allow precisely
identifying the tilt angles. Smectic C lamellar phases were
previously reported by the authors for diblocks and triblock
copolymers containing π-conjugated blocks.11
In conclusion, we have synthesized two crystalline-crystalline
diblock copoly(3-alkylthiophene)s and investigated their self-
assembly in solution and in the melt phase. Both compositions
Figure 2. AFM height image (a) and TEM image (b) of BO50 nanowires assembled from a 10 mg/mL solution. (c) WAXD spectra of BO50 and
BO76 as drop-cast ﬁlms, dried at room temperature.
Figure 3. WAXS spectra (a) and SAXS spectra (b) of BO50 and BO76 ﬁlms annealed at 280 °C in vacuum. (c) Schematic model of microphase-











of poly(3-butylthiophene)-b-poly(3-octylthiophene) (BO50 and
BO76) in solution were found to self-assemble into crystalline
nanowires with widths of 13.5-13.6 nm and aspect ratios of
15-74, as characterized by AFM and TEM. WAXS and SAXS
studies conﬁrmed that these diblock copolymers in the melt
phase assemble into a microphase-separated lamellar structure
with two crystalline domains (length scale ∼ 22-26 nm)
reﬂecting the two different side chains. Our results suggest that
all-conjugated block copolymers with crystalline-crystalline
diblock architecture are promising systems for further studies
in the nature of block copolymer self-assembly and as nano-
structured polymer semiconductors for electronic and optoelec-
tronic applications.
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